A simple and rapid optical biosensor for the determination of ammonium was developed by immobilization of glutamate dehydrogenase (GLDH) and diaphorase (Dph) in chitosan film coated on a glass slide employing thiazolyl blue tetrazolium bromide (MTT) as a color indicator. The developed biosensor displays a purple color formation of formazan attributed to the unreacted NADH in the reaction system in the presence of ammonium. The color intensity was found to decrease proportionally with the increase of ammonium concentrations after 10 min exposure. The linearity of the biosensor towards ammonium was in the range of 16.8 -70 µM (R 2 = 0.9955) with detection limit of 11 µM. A good agreement (R 2 = 0.9984) with indothymol method was obtained in the measurement of fish pond water samples. The effect of potential interferences such as metals ion has also been evaluated.
Introduction
The determination of ammonia (NH 3 ) in the environmental samples has become increasingly important. Usually, ammonia exist either in form of gases as ammonia or in water as ammonium ( 4 ) ions [1] . Ammonia is part of the natural nitrogen cycle and it is released to the environment by natural processes such as the decomposition of organic matter, human and animal excrements, or by volcanic eruptions [2] . It can also be distributed to the environment by activities like extensive use of fertilizers, spillage or leakage from wastewater treatment plants [3] . Ammonia is often found at low level in natural water however, elevated concentration of this compound can occur usually due to effluent discharges from sewage treatment plants, industrial processes or farming activeties [2, 3] .
Various approaches have been developed to detect dissolved ammonia in aqueous environment employing either electrochemical or optical methods [4] [5] [6] . These methods are time consuming and often require skill personnel to operate the sample preparation. An interesting alternative method for determination of dissolved ammonia involves the development of biosensors, which can offer simple, rapid, sensitive, specific and portable system [2, 3, 7] .
Several papers have been published on the determination of dissolved ammonia employing enzyme system. The reaction involved the use of enzyme glutamate dehydrogenase (GLDH), which requires the cofactor β-nicotinamide adenine dinucleotide (NADH) and ammonium ( 4 ) in the enzymatic conversion of 2-oxoglutarate to L-glutamate [8] [9] [10] . During the reaction NADH is oxidized to NAD + , thereby making possible the indirect monitoring of ammonium by measuring the consumption of NADH either amperometrically at a potential of +0.76 V or optically at a wavelength of 340 nm. There are some intricacy present in the amperometric detection of NADH like the involvement high overpotentials and the formation of by-products that caused the adsorption of (NAD) 2 dimers which foul the electrode surface [11, 12] . Optical sensors have attracted the attention of many researches because of their small size, ease of operation and freedom from electrical interference [13] .
Here, we demonstrate a colorimetric based biosensor employing stacked film immobilization of glutamate dehydrogenase (GLDH) and diaphorase (Dph) in combination with redox indicator thiazolyl blue tetrazolium bromide (MTT) for the determination of ammonium ion in aqueous environment. The biosensor offer several advantages including the ability of the sensors to give a
Experimental

Reagents
Dph, NADH, MTT, copper chloride, ferrous sulphate, zinc chloride, silver nitrate, mercury chloride, calcium chloride, potassium chloride and sodium nitrate were purchased from SIGMA. GLDH and α-ketoglutaric acid were obtained from FLUKA. Chitosan and sodium nitroprusside were supplied by Chito-Chem (M) Sdn. Bhd. and Merck, respectively. Thymol was acquired from BDH Chemicals. Sodium hypochlorite 10% was acquired from Systerm and ammonium chloride was purchased from R & M Marketing. All chemicals were of analytical grades and used without further purification.
Preparation of Biosensor
Chitosan solution (2%) was prepared by dissolving 2.0 g chitosan powder in 100 mL acetic acid (1%, v/v). The viscous solution was stirred overnight at room temperature. GLDH (40 mg/mL) and Dph (40 mg/mL) stock solution were prepared by dissolving 0.012 g of respective GLDH powder and Dph powder in 300 μL of 50 mM phosphate buffer solution pH 7. These solutions were then divided into 20 μL aliquots and kept at -20˚C for later use. A homogeneous stock solution of GLDH/ chitosan mixture was prepared by mixing GLDH solution (40 mg/mL) and chitosan solution (2%) at a volume ratio of 0.25 to 1.0 (v/v). Dph/chitosan mixture was prepared by using the same ratio as the latter. Figure 1(a) illustrates the enzyme immobilization process: 10 μL of the Dph/chitosan mixture was deposited onto a glass slide in an area of 9 mm × 10 mm. Then it was spun at 2000 rpm for 3 s. The biosensor was kept at 4˚C for drying. A volume of 10 μL of the GLDH/chitosan mixture was then pipetted onto the dried film of Dph/chitosan on a glass slide and coated gently over an area of 9 mm × 10 mm. Again, it was spun at 2000 rpm for 3 s and dried at 4˚C.
Evaluation of Biosensor Response
All absorption measurements were conducted by using an ultraviolet-visible spectrophotometer (Varian Cary 50). The biosensor was soaked in 50 mM phosphate buffer solution pH 8.0 for 5 min to remove unbound enzyme and then it was washed with distilled water. It was then exposed to 3 mL of 50 mM phosphate buffer solution pH 8.0 consisting of ammonium (1 mM), α-ketoglutaric acid (0.15 mM), NADH (0.15 mM) and MTT (0.3 mM) for 10 min reaction time as shown in Figure 1(b) . The response of the biosensor was studied at a fixed wavelength of 565 nm as described in Equation (1).
Δ Abs (565 nm) = I 10 min -I 0 min (1) I 0 min and I 10 min are absorption intensity of the biosensor film at 0 min and 10 min of reaction time, respectively.
Comparison of the Biosensor Response and Analysis of Spiked Real Samples
The response of the biosensor to various concentrations of ammonium ion (0.0 -0.15 mM) was compared via indothymol method [14] . For indothymol, the reaction was based on ammonium ion solution reacts with nitroprusside (0.017 M), sodium hypochlorite (0.013%) and thymol (0.027 mM) at pH 10.0 to form a blue color. The absorption was measured after 5 min at a wavelength of 690 nm. For the evaluation of the biosensor performance with real samples, water samples obtained from four fish ponds were used for the analysis. The water samples were adjusted to pH 8.0 with 50 mM phosphate buffer solution (pH 8.0) prior to the evaluation. The recovery tests for ammonium were conducted after addition of a known concentration of ammonium to the water samples.
Results and Discussions
Optimization of an Optical Assay for Ammonium Employing the Biosensor
The determination of ammonium in the environmental samples employing enzymatic reactions has been reported previously [7, 10] . The applications of diaphorase coupled with tetrazolium salts, which produce highly colored formazan dyes upon NADH oxidation, have been used as chromogenic reagents for quantification of NADH as detection signal [15] . In this study, we explored the use of dual enzymes system GLDH/Diaphorase in combination with MTT for the determination of ammonium in aqueous solutions. The enzymatic reaction involved is shown in the following equations:
In the presence of 4 , enzymatic conversion of α-ketoglutaric acid to L-glutamate by the immobilized GLDH requires NADH as a cofactor. In this reaction, the consumption of NADH depends on the NH 4 + concentration, which result in excess of unreacted NADH. The excess of unreacted NADH is then oxidized to NAD + in the presence of MTT by the Dph. When MTT accept electrons, it will be reduced to purple color of formazan.
Figure 1(c)
shows the absorption spectra of the biosensor based on stacked immobilization of GLDH and Dph in chitosan film in the presence of MTT (0.3 mM), NADH (0.1 mM), α-ketoglutaric acid (0.14 mM) and different concentrations of ammonium (0.0 -0.07 mM). The optimum response of the biosensor was observed at a wavelength of 565 nm. As can be seen in Figure 1(c) , at various concentrations of ammonium the color intensity of the formazan was found to decrease proportionally with the increase of the ammonium concentrations after 10 min exposure. This result indicates that the consumption of NADH is dependent on the ammonium concentration used in the reaction system.
In order to obtain optimum response of the designed biosensor, a series of experiment conditions were performed and summarized in Table 1 . The effect of pH was investigated using phosphate and tris-HCl buffers covering the pH ranging from 6 -9 (50 mM). The response was obtained by measuring at respective concentrations of ammonium (0.0, 0.08 and 0.17 mM), NADH (0.15 mM), α-ketoglutaric acid (0.15 mM) and MTT (0.2 mM). As summarized in Table 1 the maximum pH was observed at 8 (50 mM phosphate buffer) and this pH was used for further studies. To improve the biosensor performance, various enzyme loading and MTT concentrations were studied. The effect of Dph loading in a chitosan film (2%) on the biosensor response was examined. Upon increasing the Dph loading, the biosensor response increased sharply to reach a maximum value. Above the loading 0.07 mg, enzyme saturation behaviour was occurred. The loading for the GLDH was based on our previous work [16] . Thus, 0.07 mg of Dph and GLDH were used for the preparation of the biosensing film.
The effect of MTT concentrations on the sensor response was carried out by varying the concentrations between 0.05 -0.50 mM and optimum response of the biosensor was obtained at MTT concentration of 0.3 mM. Above this concentration reduction in the biosensor response was observed which probably due to the saturated of formazan complex formation on the biosensor surface. The influence of various NADH and α-ketoglutaric acid concentrations was further explored by studying the color formation of formazan on the surface of the sensor film. The amount of NADH in the enzyme membrane must be sufficient in order to obtain a good linear range. The response increased with increasing NADH concentration and reaches an optimum value at a concentration of 0.20 mM. The performance of the biosensor was further evaluated by optimizing α-ketoglutaric acid concentration ranging from 0.05 -0.30 mM. The optimum concentration of α-ketoglutaric acid was obtained at 0.15 mM.
Further increase in the concentration of α-ketoglutaric acid results the decrease in the biosensor response which, may attribute to an inhibitory effect of α-ketoglutaric on the enzyme activity [17] . Figure 2 illustrates the response of the biosensor towards various concentrations of ammonium (0, 0.1 and 0.25 mM). As shown, the response of the biosensor increased with time until 30 min reaction time. It can be noted that the time taken to achieve steady state response was longer. This could be due to the diffusion of analyte in the dual enzymes film was affected the sensor response [18] . Therefore, a kinetic approach was used in this study to quantify ammonium concentration where the intensity of the biosensor was decided to be measured after 10 min reaction time to obtain sufficient response. Figure 3 showed the dynamic response of the biosensor obtained by addition of ammonium concentrations ranging from 0.0 -0.17 mM. The decreased of formazan intensity produced due to the consumptions of NADH by GLDH/Dph in the chitosan layer was proportional to the concentrations of ammonium. A linear response of the biosensor was obtained at an ammonium concentration range of 16.8 -70 µM (slope = 0.3263, R 2 = 0.9955) with the detection limit calculated to be at 11 µM. Although the linear response was quite narrow, the combination of enzymes and dye system improved the biosensor selectivity and simplified the determination of ammonium.
Analytical Application
For kinetic study, the apparent Michaels-Menten constant (K m ) was estimated using the Lineweaver-Burk plots. The K m gives information on the enzyme-substrate kinetics for the biosensor and the values calculated to be at 1.89 mM. The K m value determined with the present biosensor is comparable to the reported value using amperometric detection [2] , where the K m of 1.5 mM is obtained utilizing bienzyme system (glutamate oxidase/ glutamate dehydrogenase) immobilized using poly (carbamoyl) sulfonate hydrogel. The reproducibility in the biosensor fabrication was also investigated at respective ammonium, MTT, NADH and α-ketoglutaric acid concentrations of 0.25 mM, 0.30 mM, 0.20 mM and 0.15 mM and it was found to be good with a relative standard deviation (RSD) of 5.46% (n = 6).
The analytical performance of the developed optical ammonium biosensor has been compared with several biosensors. Characteristics such as technique of detection, biorecognition, linearity and limit of detection are compared. As shown in Table 2 , the limit of detection of the present work was comparable with several techniques [8, 19] for the detection of ammonium.
Interference Studies
The response of the biosensor to the potential interferents was examined by the additions of interference substances that are possibly present in the aquatic environment such as Cu(II), Zn(II), Ag(I), Hg(II), Ca(II), Fe(II), K(I), and . The analysis was conducted in the presence of a known concentration of ammonium and interfering ion at a ratio of 1:10 (ammonium: 0.1 mg/L, interfering ions: 1 mg/L). Figure 4 shows the change of absorbance intensity in the presence of various interfering substances. The calculated RSD value were within the range of ±5%, which indicated that the ions Cu(II), Zn(II), Hg(II), Ca(II), Fe(II), K(I), and 3 did not show any significant interference except for Ag(I) ions appeared to cause interference ( Table 3 ). This may be attributed to the inhibitory effect of this metal ion on the enzyme activity, particularly at high Ag(I) ion concentrations. In order to evaluate the applicability of the biosensor to real sample analysis, various water samples from several fish ponds were tested. The recovery test was performed by adding a known concentration of ammonium to the sample solutions. The results from these water samples are summarized in Table 4 . Both the biosensor and the indothymol methods recovered about 103% -119% and 108% -125% of the ammonium from the water samples, respectively. The relative standard error between indothymol method and biosensor for the determination of ammonium in the spiked water samples was about 3% -11%.
Statistical analysis for comparing the two means concentration of ammonium determined by the biosensor and the indothymol methods were tested. The t-test applied to the real samples determined by the method described by Miller and Miller [21] . As shown in Table 4 , the calculated values of |t| are less than the critical value, which confirms that there is no difference between the two methods for the determination ammonium concentration at the 5% level. Therefore, these two methods employed for the determination of ammonium in the spiked fish pond water samples were in good agreement and comparable. 
Conclusion
In this study, we demonstrated a simple and rapid method for the quantitative determination of ammonium using dual enzyme system coupled with redox indicator. In this method, the color intensity of the formazan dye produced from the enzymatic reaction was found to decrease proportionally with increasing of ammonium ion concentration. The developed biosensor exhibits good sensitivity, selectivity, reproducibility, and it also provided an alternative method for analysis of ammonium.
